The Central Valley of California is one of the most important areas for wintering waterfowl in the world and the focus of extensive conservation efforts to mitigate for historical losses and counter continuing stressors to habitats. To guide conservation, we analyzed trends in the abundance and distribution (spatiotemporal abundance patterns) of waterfowl
D espite the loss of >90% of its historic wetlands, the Central Valley of California is one of the most important areas for waterfowl in the world, with 10-12 million waterfowl wintering in or passing through the region each year (Gilmer et al. 1982 , Fleskes 2012 . In 1986, the North American Waterfowl Management Plan was established with the goal of maintaining the diversity, abundance, and distribution of waterfowl that occurred during the 1970s (CWS and USFWS 1986) , and it identified the Central Valley as an "area of major concern" in North America. The Central Valley Joint Venture (CVJV) was formed in 1988 to pursue regional goals of the continental Western Field Ornithologists plan. Using current knowledge of waterfowl ecology in California, CVJV planners estimated habitat goals necessary to fulfill energetic requirements to meet the objectives for populations of waterfowl in each of the Central Valley's nine basins (Figure 1, Heitmeyer 1989a , CVHJV 1990 .
In 1996, waterfowl researchers, managers, and other experts from throughout the Pacific Flyway met in California to identify priorities for waterfowl research. After considering the nearly decade of wetland conservation by the CVJV, establishment of new federal, state, and private preserves, policy changes that increased water supplies for wetlands (Davis 1992) , and changes in agricultural practices (e.g., increased flooding of rice fields after harvest), the group commissioned this study to better understand how changes in the Central Valley's landscape had affected the ecology of wintering waterfowl. The focus of the project was to provide data to guide implementation of the CVJV's goals and those of other programs for conservation of waterfowl and their habitats in the Central Valley. This paper presents the results of the portion of this cooperative study that describes changes in the extent and distribution (spatiotemporal patterns) of wetlands and agricultural habitats and the abundance and distribution of wintering waterfowl in the region from 1973 through 2000. The spatiotemporal patterns of ducks, as illustrated by both radio-telemetry and repeated population-wide surveys, demonstrate how patterns of movements of these species are reflected in their unequal and varying regional distributions. These patterns have important implications when population objectives are assessed, specifically when the supply of food energy for birds is compared with their energy needs, both currently and under alternative forecasts (e.g., different population levels or habitat configurations).
Study AreA the CentrAl VAlley lAndSCApe
The Central Valley comprises nine basins that differ in size: the Colusa (465 km 2 ), Butte (261 km 2 ), American (223 km 2 ), Yolo (208 km 2 ), and Sutter (91 km 2 ) basins, forming the Sacramento Valley; the Delta Basin (540 km 2 ); the Suisun (Marsh) Basin (43 km 2 ); and the Tulare (1449 km 2 ) and San Joaquin (760 km 2 ) basins, forming the San Joaquin Valley (Figure 1, CVJV 2006) . Each of these provides critical wintering habitat for many species of waterfowl in the Pacific Flyway. Agricultural and urban development reduced the Central Valley's estimated 1.6 to 2 million hectares of original wetlands by over 90% by the early 1900s (Fleskes 2012) , with the magnitude of loss and the types of waterfowl habitat remaining differing by basin. Before agriculture, about 40% of the region's waterfowl habitat lay in the San Joaquin Valley, 60% in the Delta, Suisun, and Sacramento Valley subregions collectively (USFWS 1978) . The Tulare Basin held the largest single block of historic wetlands in California. Much of this habitat was lost in the first decades of the 20th century with the conversion of Tulare Lake and associated wetlands (once the largest freshwater lake system west of the Mississippi River) to agricultural lands such as orchards and cotton fields (Kirk 1994) , which are of minimal value to waterfowl (Fleskes 1999) . Wetland loss in the Sacramento Valley and Delta during the early 1900s was also severe, but ultimately many wetlands in the Sacramento Valley were converted to rice fields and in the Delta to fields of corn or other grain that retain high value to waterfowl. During our 1973-2000 study period, waterfowl habitat occurred through much of the Sacramento Valley. In the San Joaquin Valley, however, wetland habitat remained primarily in three distinct blocks-Grasslands Ecological Area (EA) in the San Joaquin Basin, Mendota Wildlife Area (WA) in the northern Tulare Basin, and Tulare Lake Bed and Kern National Wildlife Refuge (NWR) and vicinity in the southern Tulare Basin-separated by agriculture of little value to waterfowl ( Figure  1 ). The Suisun Basin was composed almost entirely of wetlands and grasslands with minimal cropland (CVJV 2006) .
The timing of annual seasonal flooding varies by waterfowl-habitat type, basin, and year. Most of the region's wetlands are dry during summer, except for periodic irrigations to promote seed production, and flooded during fall and winter. Most wetlands are flooded initially from midAugust to late October, the time varying somewhat regionally and annually depending upon water availability and the opening date of duckhunting season. Because of the high cost of water, the portion of wetlands in the Tulare Basin irrigated in summer is smaller than in other basins. The timing of flooding of agricultural fields after harvest varies somewhat from year to year with the timing of harvest and the start and end dates of duck-hunting season. Before 1989, postharvest flooding of rice fields in the Sacramento Valley was almost exclusively for the purpose of waterfowl hunting, and fields remained flooded until the end of hunting season. After 1989, increasing restrictions on the burning of rice straw No. 3 (Rice Straw Burning Act, California Assembly bill 1378 1991 resulted in an increase of fields being flooded after harvest to promote decomposition of the straw (Bird et al. 2000 (Bird et al. , 2002 ; however, in those flooded mainly for straw decomposition rather than hunting, water often was not maintained throughout the winter (JPF unpubl. data). Managed flooding of cropland after harvest in the Delta includes fall flooding of wheat fields to control Johnsongrass (Sorghum halepense) and winter flooding of corn and small amounts of rice and other crops for waterfowl hunting. There is little managed post-harvest flooding of croplands in the Suisun or San Joaquin basins, although significant late-winter flooding does occur in the latter basin in some wet years (Fleskes 1999) . In the Tulare Basin, flooding of fields after harvest peaks from August to early November, when the fields flooded are mainly of safflower and crops other than cotton. Cotton is the main crop flooded after November (Fleskes 2003 , Fleskes et al. 2013 . In contrast to the Sacramento Valley and Delta, where most fields are kept flooded throughout the duck-hunting season, in the Tulare Basin most fields are flooded for only a few weeks. Furthermore, since the early 1990s, the practice of flushing water across narrow bands of fields very briefly (e.g., ≤1 day) to remove salts and increase soil moisture has increasingly replaced post-harvest flooding as crop types and agricultural practices have changed (Fleskes et al. , 2013 .
preCipitAtion And WAter SupplieS
Landscape conditions during various periods of the study differed somewhat in response to annual variation in precipitation and water supplies (Benning et al. 1978 (Benning et al. [for winter 1973 , Gehrts 2002 , NOAA 2004 , CDWR 2013 . From 1973 to 1980 and in 1982, average or above-average water supplies allowed normal fall flooding of managed habitats, and December-February rains provided additional habitat in all winters except 1980-81. Moderate-toextreme drought conditions prevailed during most years from 1987 to 1994, restricting fall flooding except in 1993, and flooding from winter rain was slight except during winter 1992-93. From 1998 to 2000, above-average water supplies allowed managed habitats to be flooded in fall, but belowaverage winter precipitation produced little or no flooding of lowlands or bypasses used for flood control.
WAterfoWl-hunting SeASonS
Hunting can affect waterfowl movements (Wolder 1993 , Fleskes et al. 2002a , and variation in the timing and duration of hunting seasons by year and region from 1973 to 2000 (CDFG 1973 (CDFG -2000 
MethodS
We used a variety of methods to measure the extent and distribution of habitat and the abundance and distribution of wintering waterfowl in the Central Valley before the CVJV (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) , during its early years (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) , and beyond a decade after its inception (1998) (1999) (2000) . The first two periods were selected on the basis of data availability.
hAbitAt AVAilAbility
We tracked change in availability of wildlife areas and in the area of managed wetlands, rice fields flooded after harvest, and other agriculture. We summarized habitat data for the periods 1973-1982, 1987-1994, and 1998-2000, i. e., the years in which waterfowl were surveyed and radio-telemetry data were recorded. Gilmer et al. 1982 ) are inflated because they include associated uplands (CVJV 2006) ; therefore, our analysis of change in wetland area through time considers only the years between 1987 and 2000. We assumed no regional differences in the percentage of uplands included in the 1970s wetland estimates and used the latter estimates to represent the distribution of wetlands by basin or region from 1973 to 1982 for comparison with later years.
Wildlife AreAS And WetlAnd AreA

riCe fieldS flooded After hArVeSt
To estimate the area and distribution of these fields during the three intervals, 1987-1990, 1991-1994, and 1998-2000 , we used data from Fleskes et al. (2005) . For 1973-1982, we used data gathered as part of the California Department of Fish and Game's duck-club survey (CDFG 1979) in estimating the area of rice flooded after harvest in the Sacramento Valley, Delta, and Suisun Marsh. To derive estimates of winter-flooded rice for the San Joaquin and Tulare basins, we used results of aerial mapping for 1998-2000 (this study) and 1991 -1994 (Fleskes 1999 JPF unpubl. data) and refuges' reports and aerial waterfowl surveys for other years. Rice is not grown in either Suisun Marsh or the Tulare basin, but these regions were important for waterfowl and we assessed them by the same methods.
Other Agricultural Habitats
We used a variety of methods to estimate the area of (1) safflower, barley, wheat, seed alfalfa, cotton, and other crops (e.g., corn, unidentified) flooded after harvest in the Tulare Basin No. 3 (commonly termed as "preirrigation"); of (2) corn, wheat, sunflower, asparagus, and unidentified crops in the Delta Basin; and of (3) fallow fields and unidentified crops (probably mostly plowed rice fields) in the Sacramento Valley during each study period. For the Tulare Basin, we report the maximum area of "preirrigation" observed during any one aerial waterfowl survey during each year for each study period of interest (i.e., 21 October 1982 for 1973 -1982 , 1 September 1989 for 1987 , 8 October 1991 for 1991 -1994 , and 18 November 1999 for 1998 USFWS unpubl. data) . In the San Joaquin Basin, all flooded areas were photographed and/or mapped during aerial telemetry surveys from 1991 to 1994 (Fleskes 1999 ) and from 1998 to 2000 (this study); we report the maximum area of croplands deliberately flooded (excludes floodwaters) during any one aerial waterfowl survey during each year for the study periods of interest. For earlier study periods, we relied upon data from refuges, aerial surveys, and other reports.
We used satellite imagery, aerial surveys, and a variety of reports to estimate the areal extent of flooded crops other than rice in the Sacramento Valley and Delta Basin. To estimate this area for 1998-2000 in the Butte, Colusa, American, Sutter, Yolo, and Delta basins, we analyzed satellite images from 23 July 1999 for crops other than rice and images from 30 December 1999 to estimate the area of these crops that was flooded in winter. For 1991 For -1994 For and 1987 , we report the maximum area flooded during any one aerial habitat survey conducted throughout the Sacramento Valley and Delta in 1992 or 1993 and from 1988 (Orthmeyer et al. 1989 MLC unpubl. data) and during ground surveys of the Delta in 1991 (Miller et al. 1993 MLC unpubl. data). For 1973 -1982 , we used CDFG (1979 data.
totAl WAterfoWl hAbitAt
We summed the estimated areas of managed wetlands, winter-flooded rice, and winter-flooded non-rice cropland to calculate the total area of waterfowl habitat for each study period.
WAterfoWl AbundAnCe And diStribution
To assess the effects of habitat changes and other factors on the abundance and distribution of wintering waterfowl, we summarized and compared data collected from aerial surveys of all waterfowl during the periods 1973-1982 and 1998-2000 and from radio telemetry studies of the Northern Pintail and Mallard during the periods 1987-1990, 1991-1994, and 1998-2000 .
Aerial Surveys
We used aerial surveys conducted periodically from September to April to assess the distribution and abundance of waterfowl during the day by basin from 1973 to 1982 and 1998 to 2000. Survey methods during these two periods differed somewhat.
Survey period [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] . Data on waterfowl distribution and abundance in the Central Valley were available for the winters of 1973-74, 1978-79, 1979-80, 1980-81, and 1981-82 from aerial surveys of the entire Central Valley conducted periodically from September to January by CDFW and USFWS biologists (details in Fleskes et al. 2005) . We based pre-CVJV waterfowl distribution on these winters only because surveys during other winters preceding the CVJV were infrequent or incomplete. The surveys consisted of overflying all areas of waterfowl use in the Central Valley, known from experience and high altitude-reconnaissance, with the goal of a complete count for the area covered. Counts were tallied in a way that required us to pool data for the American, Butte, and Sutter basins in the eastern Sacramento Valley into a single "East Sacramento Valley" region. Tallying methods and efforts to differentiate the species of geese varied by survey and region and required grouping geese as dark (i.e., all Canada, Cackling, and Greater Whitefronted geese) or white (i.e., the Snow Goose [Chen caerulescens] and Ross's Goose [C. rossii]) . Survey period 1998 Survey period -2000 . Because increased availability of flooded habitats (primarily harvested rice fields, Fleskes et al. 2005 ) made complete survey coverage infeasible, we developed a stratified transect method to survey waterfowl in the Butte, Colusa, Sutter, American, Yolo, Delta, and Suisun basins during the winters of 1998-99 and 1999-2000. We stratified survey effort among these seven basins according to the relative abundance of waterfowl and extent of habitat. We surveyed NWRs and WAs completely and flew transects over other parts of the seven basins that included wetland and agricultural habitats. We calculated population densities on transects, and from these we estimated population abundances and standard errors across the full coverage of habitat (Cochran 1977) . As during the previous period, waterfowl habitat in the San Joaquin Basin and Tulare Basin was surveyed completely. Numerous cooperators conducted the seven aerial waterfowl surveys of the Central Valley each year from September to March, in 1998 March, in -99 and 1999 March, in -2000 . Although some areas were missed because of weather or logistical problems, we judged survey data were adequate for comparing waterfowl distribution during the period of 1973-1982 with that of 1998-2000. Data analysis. The CVJV has adopted speciesspecific population objectives for wintering waterfowl that are stepped down from those developed for the North American Waterfowl Management Plan and indexed by the annual Midwinter Inventory survey (table 4-1 in CVJV 2006). In addition, the CVJV includes objectives regarding the relative distribution of the total duck population by basin within the Central Valley so the food supply in each basin relative to demand can be assessed (table 4-2 in CVJV 2006). Therefore, the CVJV's population objectives can be expressed either as population numbers or as bird-use days. The latter reflects energy demand and summarizes the amount of waterfowl use in a given basin more accurately than do estimates from a single survey, the Midwinter Inventory (CVJV 2006). We plotted the abundance of each waterfowl species or species group by survey date and interpolated its abundance between surveys to estimate waterfowl distribution and waterfowl-use days (i.e., the number of individual waterfowl × number of days) in each basin by study year (e.g., 1973-74) . We averaged the results by year to calculate an abundance for each of the three study periods. We restricted our comparisons among study periods to 1 Oct-31 Dec because no surveys were conducted after the Midwinter Survey during late December or early January (USFWS 2016a) from 1973 to 1982.
We grouped species as dabbling ducks, diving ducks, dark geese, white geese and swans, and all waterfowl (ducks, geese, and swans). Dabbling ducks included the Northern Pintail, American Wigeon (Anas americana), Northern Shoveler (A. clypeata), Green-winged Teal (A. crecca), Cinnamon Teal (A. cyanoptera), Mallard, and Gadwall (A. strepera), and likely a few Eurasian Wigeons (A. penelope) and Blue-winged Teal (A. discors). Although aerial surveys included Wood Ducks (Aix sponsa), we do not present survey results for them because of the difficulty of counting these ducks.
Diving ducks included the Lesser Scaup (Aythya affinis), Greater Scaup (A. marila),
Hooded Merganser (Lophodytes cucullatus), Common Merganser (Mergus merganser), Redbreasted Merganser (M. serrator), and Ruddy Duck (Oxyura jamaicensis). We grouped geese into dark and white as described above.
Radio Telemetry
Capture and radio-tagging. We captured and radio-tagged 1027 ducks from 1987 to 1994 and 457 ducks from 1998 to 2000. These totals include ducks for which direct comparisons of distribution were possible for the periods 1987-1994 and 1998-2000 because age class and capture area in the two study periods were identical, and capture dates were similar. Samples replicated by study period included after-hatch-year (AHY) female pintails radio-tagged from late August to early October at (1) Sacramento and Delevan NWRs in the Colusa Basin (n = 187, 1987-1990; n = 100, 1998-2000) , (2) Suisun Marsh in Suisun Basin (n = 116, 1991-1994; n = 100, 1998-2000) , and (3) Grasslands EA in the San Joaquin Basin or Mendota WA in the northern Tulare Basin (n = 224, 1991-1994; n = 105, 1998-2000) . We also radio-tagged female Mallards from late August to mid-October in the Butte Basin (32 AHY and 38 hatch-year [HY] birds, 1988 [HY] birds, -1990 107 AHY and 45 HY, 1998-2000) . The total also includes captures from 1987 to 1994 that were not replicated from 1998 to 2000 and were included only in an analysis evaluating the relationships between the birds' distribution and age class, capture location, capture month, year, and study period (1987-1994 vs. 1998-2000) . Captures not replicated from 1998 to 2000 include (1) 286 HY female pintails radio-tagged from late August to early October 1991 October -1994 in Suisun Marsh, Grasslands EA, or Mendota WA; (2) 28 HY and 47 AHY female pintails radio-tagged from late August to early October 1991 October -1994 in the southern part of the Tulare Basin; (3) 19 HY and 6 AHY female Mallards radio-tagged from September to mid-October 1988 mid-October -1990 in the Sutter Basin; and (4) 26 HY and 18 AHY female Mallards radio-tagged in the Butte Basin during the November-December closed period between the first and second halves of duck-hunting seasons from 1988 to 1990.
From 1998 to 2000 we replicated earlier field methods for pintails (Miller et al. 1993 , 1995 , Casazza 1995 , Fleskes 1999 and Mallards (Heitmeyer 1989b , Day et al. 1990 , including capturing and radio-tagging birds on similar dates and in similar locations and distributing tracking effort, day and night, among regions in No. 3 a similar manner. We captured pintails with ricebaited and unbaited rocket nets (Schemnitz 1994) and Mallards with grain-baited swim-in traps. Captured ducks were weighed (±5 g), measured (flat wing, culmen 1, and total tarsus [Dzubin and Cooch 1992] ), sexed, aged (HY or AHY; Carney 1992), and banded; only females were radio-tagged. We used a back-mounted harness (Dwyer 1972 ) to attach a 20-to 21-g (pintail) or 23-to 26-g (Mallard) transmitter (2.0-3.2% of body mass), except in 1993, when we attached 8-g spear-suture transmitters (Fleskes 2003) to 40 of the pintails in the San Joaquin Valley. We released ducks at the capture location after processing. Each transmitter had a unique frequency, a mortality sensor, a life expectancy of ≥210 days, and an initial minimum range of 3.2 km ground-toground with a 150-db receiver and dual 4-element Yagi antennas mounted on the roof of a pickup truck. Transmitters were imprinted with contact information, and project descriptions were posted at hunting-check stations and in statewide media to solicit information from hunters.
Radio-tracking. Biologists tracked radio-tagged pintails and Mallards from trucks and fixed-wing aircraft equipped with dual 4-element Yagi antenna systems from date of their release (i.e., late Aug-early Oct) until they died, their radio-tags failed, or they left the study area in spring (i.e., through late March or April). The status (location; alive or dead) of each was determined once or twice daily during the hunting season and at least every other day at other times. We estimated locations of radio-tagged ducks from trucks from two bearings obtained within several minutes of each other, and we conducted weekly aerial searches (Gilmer et al. 1981 ) of waterfowl habitat and urban areas throughout central California for missing radio-tagged waterfowl. Cooperators helped search other areas (1-10 times per winter for radio-tagged ducks not found in central California, including the northeastern interior, coastline, and Salton Sea in California; Malheur NWR and the Willamette and Klamath basins in Oregon; the Carson Sink in Nevada; and the western coast of Mexico. We excluded data from birds equipped with failing radios as evidenced by abnormal signals; data exclusion started on the day that any bird shed its radio. We excluded any radio-tagged bird from analyses if it did not adjust to the transmitter, i.e., the bird failed to make feeding flights or was killed by a predator 1-6 days after being marked.
Data analysis. We estimated, graphed, and visually compared the weekly distribution of radio-tagged pintails and Mallards among Central Valley basins by species and capture region, restricting comparisons to the samples that were replicated across the study periods. To reduce bias associated with unequal and multiple sampling of individuals each week, we apportioned multiple weekly locations among areas and used a bird-week as the sample unit. For example, if a duck was in the San Joaquin Basin from Sunday to Wednesday but in the Delta Basin from Thursday to Saturday, we apportioned 4/7 bird-weeks to the former and 3/7 bird-weeks to the latter basin for that week.
We used SAS (SAS Institute Inc. 1999) for statistical analyses.
reSultS
ChAngeS in WetlAnd And AgriCulturAl hAbitAtS
Across the Central Valley, both wetlands and flooded agricultural lands used by waterfowl increased in extent over the last few decades of the 20th century (Figure 2 ). Flooded agriculture in particular increased from just over 45,000 ha from 1973 to 1982 to nearly 100,000 ha from 1998 to 2000. Although equivalent estimates of wetland coverage were not available for the early period (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) , restoration of wetlands since 1987-1990 increased their total extent from around 58,000 to 75,000 ha by 1998-2000. If the extent of wetlands from 1973 to 1982, when equivalent estimates were not available, was approximately equal to that from 1987 to 1990, then this represents a nearly 75% increase in the amount of habitat available to waterfowl from the early 1970s to the end of the century. A northward shift in the distribution of waterfowl habitat in the Central Valley that had begun prior to the 1970s continued through our study period. Sacramento Valley and Delta wetlands were planted mostly in rice, corn, and other grains, but San Joaquin wetlands were converted mostly to croplands of lower value to waterfowl (Dasmann 1966 , Gilmer et al. 1982 .
The extent of managed wetlands increased from 1987 to 2000, but the increase was slightly greater in the Sacramento Valley than in the Delta and San Joaquin Valley; coverage of wetlands in Suisun Marsh remained relatively constant (Figure 2) . From 1987 From -1990 From to 1998 From -2000 Figure  1) .
Between 1973 and 2000, the proportional northerly shift of waterfowl-friendly agricultural habitat was much greater than the relatively modest change in distribution of wetland habitat. During this period, the total area of croplands intentionally flooded in winter increased 157% in the Sacramento Valley and 58% in the Delta but declined 23% in the San Joaquin Valley (Figure 2) . From 1973 From -1982 From to 1998 From -2000 , the percentage of the Central Valley's winter-flooded agricultural lands in the Sacramento Valley increased from 73% to 84% but declined in the Delta from 18% to 13% and in the San Joaquin Valley from 9% to 3%.
With wetland area increasing slightly more in the Sacramento Valley than elsewhere and agricultural flooding increasing mostly in the Sacramento Valley, the proportion of total waterfowl habitat became increasingly concentrated in that region of the Central Valley. Comparing 1987 Comparing -1990 Comparing to 1998 Comparing -2000 , the percentage of the Central Valley's flooded waterfowl habitat located in the Sacramento Valley increased from 55% to 63%, whereas the percentage in the Delta decreased from 12% to 9% and in the San Joaquin Valley from 24% to 20% (Figure 2 ).
WAterfoWl AbundAnCe
Patterns of abundance of waterfowl, as measured by the Midwinter Waterfowl Index (MWI; USFWS 2016a) or by use days (1 Oct-31 Dec), varied by species or species group, basin, and study period. For the entire Central Valley, the MWI counts dropped 26% from an average of 4.4 million birds from 1973 to 1982 to fewer than 3.25 million from 1998 to 2000 (Figure 3 ) 1973-1982 1987-1990 1991-1994 1998-2000 Flooded Agriculture acreage
Ha ( (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) , at the start of (1987) (1988) (1989) (1990) , and after (1991-1994; 1998-2000) while annual average use days for total waterfowl declined 20% from 318.7 ± 25.7 (SE) million to 254.9 ± 1.1 million (Figure 4 ). These declines primarily reflected the 60% decline in index counts of pintail (from 2.5 million to 1 million individuals) or the 61% decline in pintail-use days from 204.5 ± 23.5 million to 79.1 ± 3.5 million over the same period. Despite this steep decline, at the end of the 20th century pintail still accounted for the majority of wintering waterfowl in the Central Valley.
Dabbling Ducks
Total dabbling-duck abundance (indexed by use days) in the Central Valley declined from 1973-1982 to 1998-2000 , again primarily because of the decline in pintail abundance (Figure 4) . Over this period, dabbling-duck-use days declined 32%, i.e., from 293.6 ± 24.8 million to 198.9 ± 4.5 million (Figure 4) . Although use days for the pintail decreased, use days for the American Wigeon, Mallard, and Northern Shoveler remained stable, and use days for the Green-winged Teal and Gadwall increased from 1973-1982 to 1998-2000 (Figure 4 ). The abundance of the pintail and of all dabbling ducks pooled varied widely from year to year from 1973 to 1982 but was similar in the winters of 1998-99 and 1999-2000 (Figure 4 ).
Between the periods 1973-1982 and 1998-2000 , the abundance of all dabbler species differed greatly by basin and year (Figures 5 and 6) . The Northern Pintail, however, was the only species that decreased in all basins between these periods ( Figure 6 ). Species with use days that were more or less stable between 1973 -1982 and 1998 tended to increase in the Tulare Basin and East Sacramento Valley and to either increase in the Yolo Basin and decrease in the Delta Basin or vice versa (Figures 5 and 6) . The Gadwall and Green-winged Teal, both with use days increasing from 1973-1982 to 1998-2000 , were more abundant primarily in the Colusa, East Sacramento Valley, and San Joaquin basins ( Figure 5 ). The Gadwall, however, also increased in the Suisun and Tulare basins as well, thus increasing in the most basins of any species.
Diving Ducks
The annual average abundance of all divers in the Central Valley, as indexed by use days, 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 Mid-Winter Survey Population Index
Millions Year
Midwinter Survey Population Index increased by 174% from 2.5 ± 0.5 million from 1973 to 1982 to 6.9 ± 0.2 million from 1998 to 2000 (Figure 4) . As a group, diving ducks accounted for less than 3% of the waterfowl use of the Central Valley in any given year. Because of the limited amount of overall use and the wide variation in species-specific trends that implies, we limit our results to diving ducks as a group. This increase in the Central Valley's diving ducks over this period primarily reflects the increases of 747%, from 0.49 ± 0.08 million to 4.1 ± 0.7 million in the San Joaquin Basin, and of 725%, from 0.12 ± 0.05 million to 0.99 ± 0.32 million in the Tulare Basin (Figure 6 ). Over this period, divingduck use also increased by 330% in the Colusa Basin, decreased by 89% in the Delta Basin and by 37% in the Suisun Basin, and varied little in the Yolo and East Sacramento Valley basins (Figure 6 ).
Geese
From 1973-1982 to 1998-2000 , annual average goose-use days in the Central Valley increased by 121% (22.1 ± 2.7 million to 48.7 ± 3.6 million; Figure 4 ). This overall increase primarily reflected a 253% increase in goose use in the East Sacramento Valley basins and a 52% increase in the Colusa Basin (Figure 6 ). Goose use also increased greatly in the Yolo Basin, but with the magnitude of use there being only 10% of that in the East Sacramento Valley, it had little effect on abundance in the Central Valley overall.
The increase in abundance of geese in the Central Valley from 1973-1982 to 1998-2000 was much greater for dark than for white geese. Annual average use days for dark geese increased 358%, from 6.1 ± 0.7 million to 27.9 ± 2.3 million, but for white geese by 30%, from 16.0 ± 2.0 million to 20.9 ± 5.8 million. Most of the increase in use by dark geese occurred in the East Sacramento Valley basins, where use increased by 1830% (0.9 ± 0.2 million to 16.9 ± 1.1 use days, followed by an increase of 221% (2.8 ± 0.6 million to 8.8 ± 1.7 million) in the Colusa Basin. The increase in dark goose use in the Colusa Basin occurred primarily during October. Use by dark geese also increased greatly in the Yolo Basin, but the magnitude of use was only 10% of that in the East Sacramento Valley. In the Delta it decreased by 33% from 1973-1982 (1.2 ± 0.5 million) to 1998-2000 (0.8 ± 0.5 million). In comparison to that in other basins, use of the Suisun, San Joaquin, and Tulare basins by geese was minimal during both periods.
WAterfoWl diStribution
Results from aerial waterfowl surveys indicate that the patterns of distribution of waterfowl among Central Valley basins changed between 1973-1982 and 1998-2000 (Figures 7-10 1973 1978 1979 1980 1981 1998 1999 during early winter was similar in the two periods, it declined as winter progressed from 1998 to 2000 but not from 1973 to 1982 (Figure 8 ). Even so, a higher percentage of Central Valley Greenwinged Teal (≥35%) than pintails (≥8%) was in the San Joaquin or Tulare basins from October through December even during the later period (Figure 8 ). (Figure 9 ). Also, like that of pintails, the percentage of Northern Shovelers using the Delta Basin declined from the earlier to the later period (Figure 9 ). In contrast to the pattern for the Northern Pintail and Greenwinged Teal, however, the percentage of Northern Shovelers occurring in the Tulare and Yolo basins was slightly greater from 1998 to 2000 than from 1973 to 1982 (Figure 9 ).
Paralleling the pattern for the pintail and Green-winged Teal, the percentage of Mallards in the San Joaquin and Yolo basins declined and 1973 1978 1979 1980 1981 1998 1999 No. 3 the percentage in the East Sacramento and Colusa basins increased through our study (Figure 8) . However, days of use by Mallards in these basins increased within the northern basins without a substantial decrease in the San Joaquin basin ( Figure 5 ). In contrast to the pattern for the pintail and Green-winged Teal, however, the percentage of Mallards in the Suisun and Tulare basins was slightly greater (mostly during early winter) from 1998 to 2000 than from 1973 to 1982 (Figure 8 ).
Divers
Geese
Like the other dabbling ducks, the Gadwall also showed the pattern of decline in the San Joaquin Basin and increase in East Sacramento and Colusa basins between the periods 1973-1982 and 1998-2000 , especially during late winter (Figure 7) . Days of use by Gadwall in these basins generally followed the same trends ( Figure  5 ). As in the case of the Mallard, the percentage of Gadwall in the Suisun and Tulare basins during early winter was greater from 1998 to 2000 than from 1973 to 1982 (Figure 7) . Distribution patterns of the Cinnamon Teal and American Wigeon were unlike those of other dabbling ducks (Figure 7 ). For example, the area of greatest abundance of the Cinnamon Teal did not shift north; the Tulare Basin increased in importance through the period of our study while the East Sacramento Valley basins declined in importance for the species (Figure 7) . Sacramento Valley basins remained the main use area for the American Wigeon during both periods (Figure 7) . Within the Sacramento Valley, however, the wigeon's pattern (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) and after (1998) (1999) (2000) the establishment of the Central Valley Joint Venture.
of abundance differed somewhat, in that the percentages using the East Sacramento Valley basins and the Colusa Basin during late winter increased and decreased, respectively, between the periods 1973-1982 and 1998-2000 (Figure 7 ).
Diving Ducks
In contrast to the pattern for dabbling ducks, the percentage of diving ducks in the San Joaquin and Tulare basins from October through December increased substantially between the two periods of our study (Figure 9 ). This percentage increase of diving ducks in the San Joaquin Valley corresponded with a decrease in the percentage of divers in the Delta, Suisun, and Yolo basins (Figure 9 ). The percentage of divers in the Colusa and East Sacramento Valley basins was lower from 1998 to 2000 than from 1973 to 1982 during early but not late winter (Figure 9 ). The Canvasback, Redhead, Ring-necked Duck, and Ruddy Duck all showed the greatly increased importance of the San Joaquin Valley for divers from 1998 to 2000. The distributions of less common divers were highly variable.
Geese
For geese, during our study the percentage of the Central Valley's total declined in the Delta, San Joaquin, and Colusa basins and increased in the East Sacramento Valley and Yolo basins. This distributional shift was most dramatic for dark geese, and the change in their distributions 
MoVeMentS of pintAilS And MAllArdS
Northern Pintail
Weekly distributions of radio-tagged female pintails varied somewhat by study period, depending on the location of radio-tagging. While the distribution of pintails radio-tagged in the Colusa Basin from 1987 to 1990 was similar to that from 1998 to 2000, the distribution and timing of movements among basins of those tagged in Suisun Marsh and the San Joaquin Valley from 1991 to 1994 differed somewhat from those of birds tracked from 1998 to 2000 (Figure 11 ). These differences included a northerly exodus of San Joaquin Valley pintails into the Delta and Sacramento Valley earlier from 1998 to 2000 than from 1991 to 1994 (e.g., 80% outside the San Joaquin Valley by 1 December in the later period vs. by 1 January in the earlier period). Also, the percentage of Suisun pintails moving to the San Joaquin Valley 1998-2000 was less than it was [1991] [1992] [1993] . September-October use of Suisun Marsh by pintails tagged there increased, while these birds' September-November use of the Yolo and Delta basins decreased. January-March use of the Yolo Basin by all pintails increased (Figure 11 ). Most pintails tagged in Suisun Marsh and the San Joaquin Valley moved to the Sacramento Valley by December; once in the Sacramento Valley, distributions of pintails were similar, regardless of whether they had been radio-tagged in the Sacramento Valley, Suisun Marsh, or the San Joaquin Valley (Figure 11 ).
Mallards
The weekly distribution within the Central Valley of Mallards radio-tagged in the Butte Basin from 1998 to 2000 was generally similar to that from 1988 to 1990; exceptions were the decreased late-winter use of the Delta and Yolo basins and increased late-winter use of the Butte Basin (Figure 12 ). Most Mallards radio-tagged in the Butte Basin remained in Sacramento Valley basins from September to February during both periods, with ≥76% remaining in the Butte Basin through December each year.
diSCuSSion
The changes in abundance and distribution of waterfowl in the Central Valley that occurred from 1973 to 2000, as documented by this study, appear to be influenced by factors both inside and outside this region. Within the Central Valley, changes in the extent and management of wetlands and agricultural habitats appeared to be important. Factors outside the Central Valley were not investigated but likely include precipitation and land management, which largely determine the extent and productivity of northern breeding grounds and thus the abundance of many of the waterfowl species that winter in the Central Valley. From 1987 From -1990 From to 1998 From -2000 , the extent of wetlands increased 23% (from 25,660 to 31,525 ha) in the San Joaquin Valley, 58% (16,192 to 25,540 ha) in the Sacramento Valley, and 105% (1313 to 2689 ha) in the Delta; wetland area was basically unchanged in Suisun Marsh. The large increase in winter-flooded agriculture in the Sacramento Valley came almost exclusively from a 146% increase in the extent of rice flooded in winter after harvest, from 32,000 ha in 1979 (CDFG 1979) to 78,725 ha in 1999 (Fleskes et al. 2005) . The increase in winter-flooded rice in the Sacramento Valley resulted not only from a return in the late 1990s to the large acreage of rice in the Sacramento Valley (e.g., 201,512 ha in 1999) last planted during the 1970s (USDA 2004), but also from an increase in the percentage of rice acreage 1987-1990 1998-2000 Suisun Basin 1991 Basin -1993 Basin 1998 Basin -2000 Tulare/San Joaquin Basins 1991 Basins -1994 1998-2000 -15 March, 1987 -15 March, -1990 -15 March, , 1991 -15 March, -1993 -15 March, , or 1991 -15 March, -1994 -15 March, (left), and 1998 -15 March, -2000 .
diStribution of WAterfoWl hAbitAt
Colusa Basin
that was flooded after harvest (Fleskes et al. 2005) . 
WAterfoWl AbundAnCe
The overall abundance of wintering waterfowl in the Central Valley declined during our study, reflecting a continental decline of the Northern Pintail (USFWS 2000), the most abundant species wintering in the valley. Nevertheless, the Northern Pintail was by far the most abundant dabbling duck wintering in the Central Valley even from 1998 to 2000, after other waterfowl populations had recovered but the pintail had not ( Figure 13 ). This shortfall arose from the low abundance of the two species with the largest population objectives, the Northern Pintail and American Wigeon (Figure 4 ). Despite the continental decline, pintails are especially important in the San Joaquin Valley, where geese, Mallards, and some other species are relatively less common than in basins farther north. Thus the lack of pintails contributed to the number of waterfowl-use days being much lower than planned, particularly in the southern basins (i.e., Delta, San Joaquin, and Tulare) of the Central Valley, whereas in the Colusa and, to a lesser extent, Butte basins the reduced number of bird-use days due to the decrease of the pintail was mitigated by higher local abundance of other species ( Figure 13 ). The long-term decline of the pintail across the continent and in the Central Valley is not fully understood, but evidence suggests that it is more closely related to poor reproductive success on primary breeding areas than to annual survival (Hebert and Wassenaar 2005, Rice et al. 2010) . Pintail nest in cultivated cropland (commonly in the sparse vegetation typical of agricultural fields) more frequently than do other ducks, making pintail nests more vulnerable to destruction from farming and predation (Miller and Duncan 1999) . One commonly cited reason for the pintail's decline is the intensification of agriculture in the Canadian prairies (one of the most important North American waterfowl-breeding areas), which is thought to depress survival rates of pintail nests there (Miller and Duncan 1999 , Podruzny et al. 2002 , Hebert and Wassenaar 2005 . Therefore, [1988] [1989] [1990] 1998 - -15 March, 1988 -15 March, -1990 -15 March, (left) and 1998 -15 March, -2000 . 
diStribution of WAterfoWl
The changing distribution of most wintering waterfowl within the Central Valley tracked the changing availability of habitats, with an increasing concentration of both birds and available habitat, particularly flooded agriculture, in the north. Wintering waterfowl typically dispersed earlier in fall and winter from the San Joaquin Valley, Suisun Marsh, and Delta regions and into the Sacramento Valley (Figure 11 ), while fewer waterfowl emigrated from the Sacramento Valley to other parts of the Central Valley during the later years of our analysis (Figure 12 ). Within the Sacramento Valley, birds didn't necessarily arrive earlier in all basins, but more birds were found in the basins of greatest use prior to the traditional MWI surveys, and many birds redistributed themselves among the basins (e.g., American and Yolo) in the Sacramento Valley after these surveys ( Figure 13) Although surveys were not conducted later in the season after the Midwinter Survey during the 1970s, our 1998-2000 surveys and tracking of radio-tagged Northern Pintails and Mallards showed that the seasonal abundance of waterfowl, especially pintails, peaked in the American Basin after the Midwinter Survey in some years . High late-winter use of the American Basin was likely due to the lack of public sanctuaries there. During hunting season, birds may have fed mainly in basins that had sanctuaries and took full advantage of the American Basin's food resources only after hunting season ended. This pattern may have been even stronger during the 1970s, when pintails were much more numerous and the closest sanctuary was even farther away, at Sutter NWR, rather than nearby in Yolo Bypass WA or the lightly hunted rice fields in the Yolo and American basins, which had all become available by 1998-2000. Thus actual waterfowl use of the American Basin during the 1970s was likely much greater than modeled in the CVJV's original plan (CVHJV 1990) , which resulted in the objective for bird use of the American Basin being increased from 5% of all waterfowl in 1990 to 9% currently (table 4-2 in CVJV 2006). Bird use of the American Basin from 1998 to 2000 was within 12% of the CVJV's original goal (CVHJV 1990) despite the populations of all common species being below objectives (Figure 4) . Surveys conducted after the Midwinter Survey from 1998 to 2000 also showed a late-winter peak in waterfowl use in the Yolo Basin (Figure 13 ). Previous surveys also found the timing and magnitude of use in the Yolo Basin to be highly variable, probably because use varied directly with the timing and magnitude of flooding from overflow of the Sacramento River in the Yolo Bypass (Gilmer et al. 1982 . Thus current goals for managed habitat in the Yolo Basin are likely within the wide range needed to maintain highly variable use recorded in the past.
Periodic surveys conducted before the Midwinter Survey from 1973 to 1982 show that waterfowl use of the Tulare Basin often peaked during October, prior to the Midwinter Survey (Figure 10 ). This early peak in waterfowl use in some years was due to large concentrations of pintails using the expanses of agricultural fields sometimes flooded after harvest in the Tulare Lake bed (Houghten et al. 1985, Barnum and Euliss 1991) ; use later in the winter depended on whether precipitation was adequate to flood parts of the old lake bed. Thus, on average, the assumption of a peak in midwinter underestimated peak waterfowl use of the Tulare Basin, so the CVJV's current goals likely underestimate the habitat needed to maintain historical use there.
Changes in pintail distribution correspond with increased flooding of harvested rice fields in the Sacramento Valley starting in the late 1980s, at a time when alternative pintail habitat was being lost to the reductions of wetlands and agricultural flooding in the southern Tulare Basin (Houghten et al. 1985, Barnum and Euliss 1991) . The relative distribution of pintails suggests that displacement by these habitat changes is reflected by a population shift into the Sacramento Valley. Drought in the Central Valley from 1987 to 1991 (CDWR 1991 , NOAA 2004 probably exacerbated the effects of changing habitat distribution by increasing the movement of dabbling ducks to the wetter Sacramento Valley, where better-established water rights (Gilmer et al. 1982 had the ancillary benefit of maintaining better habitat conditions. Habitats in the San Joaquin Basin have remained more attractive to pintails than those in the Tulare Basin, at least during early winter. Ackerman et al. (2006) also attributed increased use of the Sacramento Valley and reduced use of the Delta by radio-tagged Greater White-fronted Geese to the increased extent and post-harvest flooding of rice fields in the Sacramento Valley.
Unlike the dabbling ducks and geese, diving ducks did not shift their abundance northward but instead increased their use of the southern Central Valley, especially the San Joaquin Basin (Figure 9 ). An increase in the San Joaquin Valley of the wetlands that diving ducks prefer could explain the increase in diving-duck use there. Diving ducks are associated primarily with wetlands, whereas dabblers and geese also make much use of agricultural habitats (Bellrose 1980 , Heitmeyer and Raveling 1988 , Barnum and Euliss 1991 . However, because the overall extent of wetlands did not increase more in the San Joaquin Valley than elsewhere (Figure 2 ), a change in wetland area alone does not account for the increase in diving ducks' use of the San Joaquin Valley. Instead, changes in management of those wetlands likely improved the landscape more for divers in the San Joaquin Valley than in other regions. Supported by the increased water availability due to the 1992 Central Valley Project Improvement Act (Davis 1992) , the management of San Joaquin Valley wetlands, was changed to take advantage of hunting-bag limits more liberal for the Mallard than for the Northern Pintail (Fleskes 1999) . These water-management changes increased the conversion of shallow open wetlands to deeper wetlands with more emergent vegetation, which managers perceive as being more favorable to Mallard harvest (Fleskes 1999) . These slightly deeper and more vegetated wetlands are also heavily used by diving ducks. Because diving ducks compose <3% of all of the Central Valley's wintering waterfowl, their increased use of the San Joaquin Valley only slightly compensated for the large decline in overall waterfowl use there (due primarily to the decline and distributional shift of the pintail).
SurVey liMitAtionS
Aerial surveys have been widely used to investigate changes in the abundance and distribution of wintering waterfowl and evaluate management (Smith et al. 1995) . However, counting waterfowl accurately from aircraft can be difficult, so survey results should be viewed critically. Surveys of wintering waterfowl in the Central Valley before 1998 were not based on a statistical sampling plan and include no estimate of precision. In addition, observers varied somewhat from year to year, although there was overlap and training to help maintain consistency. Finally, visibility rates vary somewhat by species, flock size, and habitat (Smith et al. 1995 , Pearse et al. 2008 ), and we did not attempt to apply a correction factor for such variation. Therefore, our estimates should be viewed as an imperfect index of abundance and distribution and not a precise measure of actual population size or distribution. We note, however, that the movements and distribution of radiotagged waterfowl were consistent with the results of aerial surveys. Thus we believe that data from the aerial surveys, especially when combined with our radio-telemetry data, provide a useful assessment of changes in the abundance and distribution of waterfowl wintering in the Central Valley, 1973 Valley, -2000 .
MAnAgeMent iMpliCAtionS
Our study shows that areas of greatest abundance of all waterfowl combined and of many waterfowl species shifted distribution in the Central Valley in response to changes in the distribution of favorable landscapes. Because local changes in the distribution of the most abundant species groups (i.e., dabbling ducks and geese) appear to be primarily the result of the beneficial increase in the postharvest flooding of rice fields in the Sacramento Valley, our findings suggest that reduction of water supplies, changing agro-economics, or other factors that restrict such flooding could result in a rapid change in the abundance and distribution of wintering waterfowl in the Central Valley, a conclusion reported by the CVJV (2006) as well. Furthermore, continued conservation of wetlands and other waterfowl habitats with secure water supplies throughout the Central Valley should help maintain abundant waterfowl habitat and the historical distribution of wintering waterfowl. Management of wetlands tailored to attract species that are underrepresented in a region could aid this effort and help maintain species diversity. A well-designed, statistically sound waterfowl survey would provide information needed to evaluate the efficacy of management practices and programs.
